Activities of ribulose-1,5-bisphosphate carboxylase and rates of photosynthetic 02 evolution were measured in guard-cell and mesophyll protoplasts from Vicia faba. The ribulose-1,5-bisphosphate carboxylase activity of guard-cell protoplasts was 30% of that of mesophyll protoplasts; however, the 02 evolution rate was 3 times higher in guard-cell protoplasts than in mesophyll protoplasts on a chlorophyll basis. When the dark-adapted, guard-cell protoplasts were illuminated by red light, 02 was evolved with an induction period, which became shorter when the protoplasts were reilluminated. High activity of irreversible NADP-glyceraldehyde-3-phosphate dehyrogenase was found in guard-cell protoplasts. Several lines of evidence revealed that there was virtually no contamination by mesophyll cells in guard-cell preparations. These results indicate that guard cells fix CO2 photosynthetically and imply that the cells utilize a considerable proportion of reducing equivalents from water for reactions other than CO2 fixation.
In guard cells, conflicting reports exist on the capacity of photosynthetic CO2 fixation (12, 22) . A number of studies have concluded that the guard cells of Vicia and Commelina do not incorporate 14C into the Calvin-Benson cycle intermediates when guard cells or their protoplasts are exposed to '4C02 under illumination (2, 14, 15) , and that the cells lack RuBPC3 protein (13) or have insignificant RuBPC activity (3, 16) .
In contrast, recent reports have revealed the presence of RuBPC protein in Vicia guard-cell protoplasts (23) , and 14C
incorporation into PGA and sugar phosphate when the protoplasts were exposed to 4C02 under red light, although the activity was low (5) . More (20) .
In this paper, we report RuBPC activity in Vicia guard-cell protoplasts revealed by the 14C method, and compare the activity of RuBPC and the rate ofphotosynthetic 02 evolution in guard-cell and mesophyll protoplasts. It is suggested that guard cells utilize reducing equivalents largely for reactions other than photosynthetic CO2 fixation.
MATERIALS AND METHODS Plant Material and Isolation of Guard-Cell and Mesophyll Protoplasts
Vicia faba L. (cv Otafuku) plants were grown hydroponically as described previously ( 19) . Guard-cell protoplasts were isolated from the lower epidermis of 4-to 5-week-old Vicia leaves as described elsewhere (17, 19) . Mesophyll protoplasts were prepared from Vicia leaf segments devoid of the lower epidermis as shown before (17) . Isolated guard-cell and mesophyll protoplasts were suspended in 0.4 M mannitol and 1 mM CaCl2, and 0.65 M mannitol and 1 mm CaCl2, respectively, and stored on ice until use.
RuBPC Activity
RuBPC activity was measured by RuBP-dependent incorporation of '4CO2 into acid-stable substances in lysed guardcell and mesophyll protoplasts. The reaction was conducted at 25°C in 3 mL of reaction mixture containing 100 mM Tris-HCI buffer (pH 8.6), 20 mm MgCl2, 20 mM NaH"4CO3 (2 mCi mmol-'), 1 mM RuBP, 5 mM DTT, and 0.05% Triton X-100.
The reaction was initiated by the addition of RuBP. Guardcell and mesophyll protoplasts were included in the reaction mixture 1 min before the addition of RuBP to release the enzyme upon the lysis of the protoplasts. The reaction was stopped by transfer of aliquots of the reaction mixture (0.3 mL) to 0.5 N HCI (0.2 mL) in a scintillation vial (20 mL) at indicated times and mixed rapidly. Acidified samples were dried completely under an incandescent lamp (500 W), and resuspended in 0.5 mL of water followed by addition of 10 mL of Aquasol-2 (NEN Research Products). Radioactivity was measured with a Beckman liquid scintillation counter (model LS 9000).
Plant Physiol. Vol. 91, 1989 Other Assays Irreversible NADP-GAPD was measured according to the method of Kelly and Gibbs with slight modification (9) . The reaction mixture (0.8 mL) consisted of 100 mM Tris-HCl (pH 7.8), 0.2 mm NADP, 10 IU triose-P isomerase, 5 mM DTT, 1 mM DHAP, and 0.05% Triton X-100. The reaction was started by DHAP. PEPC was measured according to Hatch and Oliver (6) . The contribution of PEP carboxykinase was not corrected. NADP-MDH was assayed in the reaction mixture (0.8 mL), which consisted of 100 mM Tris-HCl (pH 7.8), 0.2 mm NADPH, 4 mm DTT, 2 mm EDTA, and 2 mm OAA. The reaction was initiated by OAA. All these enzymes were measured at 23°C with a Hitachi 557 dual-wavelength spectrophotometer as described previously (20) . Evolution and uptake of 02 was measured using a Rank oxygen electrode (Bottisham, England) at 25°C as described previously (17) . The reaction mixture (1 mL) contained 0.4 M mannitol, 10 mM Mes-NaOH buffer (pH 6.2), 10 mm KCl, 1 mM CaCl2, 2 mM NaHCO3, and guard-cell protoplasts. Fluorescence and light microscopy observations were made with an inverted microscope (Olympus model IMT-2). Chl was determined according to the method of Arnon (1). RESULTS 
AND DISCUSSION
Contamination of guard-cell protoplast preparations by mesophyll cells was very unlikely. No mesophyll cell was found in the preparation even though profiles of chloroplasts were clearly seen in each guard-cell protoplast in phase contrast micrographs (Fig. IA) . Moreover, Chl fluorescence with a red color was observed only in guard-cell protoplasts which were viewed directly by fluorescence microscopy in the same field of vision (Fig. 1 B) . If isolated mesophyll protoplasts were added to the guard-cell protoplast preparation, the mesophyll protoplasts were distinguished easily from guard-cell protoplasts by their large sizes in light micrograph ( Fig. 2A) and were identified with a very large red-colored Chl fluorescence in fluorescence micrograph (Fig. 2B) . Further support was provided by the much higher activity of PEPC and a higher rate of 02 uptake in the preparations of guard-cell protoplasts than in those of mesophyll protoplasts (Table I) . However, there was a very slight contamination by epidermal cells which were larger in size; these fluoresced with a yellow-green color (Fig. 1B) . (Fig. 3) .
A large 02 uptake due to respiration of guard-cell protoplasts was observed in the dark (18) . On illumination ofguardcell protoplasts with red light, 02 uptake gradually decreased and net 02 evolution began after a marked induction time (5 min) , when the protoplasts were kept in the dark for more than 30 min (Fig. 4A) . Net 02 evolution began within 2 min from the start of reillumination of the protoplasts after a dark interval of 2 min. The reduced photosynthetic induction period following preillumination was still observed when the second illumination was provided after a dark interval of 10 min (Fig. 4B) Red light-dependent 02 evolution, and decrease in the induction time in Vicia guard-cell protoplasts. Evolution and uptake Of 02 was measured at 250C. Guard-cell protoplasts had been kept in the darkness for at least 30 min at 0°C before the experiments. Second illumination was provided at 2 (A) and 10 (B) min after the first illumination. The reaction mixture (1 mL) contained 1 to 2 Mg Chi for guard-cell protoplasts.
Calvin-Benson cycle intermediates and/or an activation of Calvin-Benson cycle enzymes (8, 10) . The typical rates of 02 evolution were 300 and 100 ,umol mg-' Chl h-' for guard-cell and mesophyll protoplasts, respectively, on the assumption that red light did not affect the dark respiration (Table I) . These values are comparable with previous results (5, 17, 21) . 02 evolution was inhibited completely by DCMU at 10 gM (data not shown). Much higher activities of irreversible NADP-GAPD and NADP-MDH were found in guard-cell protoplasts than in mesophyll protoplasts (Table I) Mmol mg-' Chl h-', respectively. These were 25 and 6 ,umol mg-' Chl h-' in mesophyll protoplasts, respectively. The Km of irreversible NADP-GAPD in guard cells for NADP+ was 3 ,gM, similar to the pea shoot enzyme (9) .
The presence of RuBPC and photosynthetic induction indicates that photosynthetic C02 reduction occurs in guard cells. However, in contrast to there being sufficient RuBPC activity in mesophyll protoplasts, the RuBPC activity in guard-cell protoplasts was too low to account for their 02 evolution ( Table I ). The ratios of RuBPC activity/02 evolution were 4.6 and 0.47 in mesophyll and guard-cell protoplasts, respectively. This implies that a considerable proportion of reducing equivalents must be used for reactions other than photosynthetic C02 reduction in guard cells. In agreement with these results, Gotow et al. (5) reported that the rate of C02 fixation was only 8% of photosynthetic O2 evolution, although they noted that the low activity was due partly to the dilution of '4CO2 by the very high respiratory activity of the guard-cells.
An appreciable proportion of such reducing equivalents may be exported from chloroplasts to the cytosol. We have suggested (20) that guard cells largely utilize the PGA/DHAP shuttle for indirect transfer of ATP and reducing equivalents between chloroplasts and cytosol, based on measurements of high activities of PGAK, NADP-GAPD, and triose-P isomerase combined with low activity of FBPase and RuBPC. In accordance with this, evidence was provided here that guard cells have much higher activity of irreversible NADP-GAPD (Table I) , which has been postulated to play an important role in transferring reducing equivalents from chloroplasts to the cytosol through phosphate translocators (7, 9) . Part of the reductants may be consumed in the guard-cell chloroplast itself to form malate through MADP-MDH, whose high activities (4, 20) were confirmed here (Table I) . In this case, reducing equivalents can be transferred from chloroplasts to cytosol through malate/oxaloacetate shuttle to form NADH, because malate penetrates the chloroplast envelope easily and very high NAD-specific malate dehydrogenase is present in the cytosol of guard-cells (3, 16) . Further investigation will be needed to clarify the fate of reducing equivalents derived from water in guard-cell chloroplasts.
The possibility of the presence of much higher activity of RuBPC in guard cells cannot be excluded, because our previous results (21) indicated that the ratio of CO2 uptake/02 evolved showed unity. If that is the case, special measuring conditions will be needed to obtain the maximum activity of RuBPC in guard cells.
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